To examine claims that reforesting degraded Imperata grassland in Leyte (Philippines) made streamflow perennial again, we studied the hydrological behaviour of a 23-year- ) and tentatively confirming local claims of improved dry-season flow.
mm day
−1 after disturbance. Corresponding ratios of period total quickflow Q q to precipitation were 16% and 44%. Quickflow volume and peak discharge increased rapidly once a threshold value of~250 mm for soil water storage in the top 60 cm was exceeded. Before disturbance, quickflow consisted predominantly of lateral subsurface flow due to high soil hydraulic conductivities down to 60 cm. After disturbance, shallow groundwater rose regularly to within 10 cm of the surface on foot slopes, and saturation overland flow was observed during several large storms. Comparing estimated annual ET and Q q for undisturbed conditions for the reforest and a nearby degraded Imperata grassland microcatchment suggested that the extra infiltration following reforestation (~240 mm year warming through carbon sequestration (Ellison et al., 2017; Trabucco, Zomer, Bossio, van Straaten, & Verschot, 2008) and in response to disturbed streamflow regimes and problems of accelerated erosion and sedimentation following deforestation (Bruijnzeel, 2004; Grip, Fritsch, & Bruijnzeel, 2005; Sidle et al., 2006) . Although most if not all controlled catchment experiments worldwide have shown that the hydrological impacts of reforestation are negative in that water yield is reduced (particularly baseflow; Jackson et al., 2005; Farley, Jobbággy, & Jackson, 2005; Ford, Laseter, Swank, & Vose, 2011) , this does not necessarily imply that dry-season flows might not be improved by tree planting or forest regeneration. Scott, Bruijnzeel, and Mackensen (2005) and Malmer, Murdiyarso, Bruijnzeel, and Ilstedt (2010) have pointed out that none of the reforestation-impact studies reviewed by Jackson et al. (2005) and Farley et al. (2005) represented degraded soil conditions. Therefore, the reported reductions in water yield merely reflect the higher water use of the planted trees compared with the shorter vegetation types they replaced (cf. Scott & Prinsloo, 2008; Waterloo, Bruijnzeel, Vugts, & Rawaqa, 1999; L. Zhang, Dawes, & Walker, 2001) , whereas no ameliorating effect on soil hydrological functioning (notably improved infiltration and retention; Ilstedt, Malmer, Verbeeten, & Murdiyarso, 2007; Ziegler et al., 2004; Zwartendijk et al., 2017) would become manifest under such circumstances. Scott et al. (2005) further suggested that sites with high but seasonal rainfall and advanced soil degradation might offer the best chances for improving streamflow regimes through reforestation, in that the (ultimate) gains in infiltrated water might be large enough to compensate the inevitably larger evapotranspiration losses. This is usually referred to as the "infiltration-trade-off" hypothesis (Bruijnzeel, 1989) . Several examples of gradually improved streamflow regimes (reduced peaks, increased or longer dry-season flows) after reforesting severely degraded land (Choi & Kim, 2015; Hou et al., 2018; Krishnaswamy et al., 2012; Krishnaswamy, Kelkar, & Birkel, 2018; Zhou et al., 2010) have suggested the validity of the trade-off mechanism (cf. Y. Cheng, Ogden, & Zhu, 2017) .
The rehabilitation of tropical fire-climax grasslands represents a case in point. These grasslands are found across the tropics in regions that experienced increasingly intensive slash-and-burn agriculture over the years (Brady, 1996) and are often dominated by spear grass (Imperata cylindrica) and wild sugar cane (Saccharum spontaneum; Garrity et al., 1997; Hooper, Legendre, & Condit, 2005; Styger, Rakotondramasy, Pfeffer, Fernandes, & Bates, 2007) . Where regularly burned and grazed, they are typically associated with high storm runoff (quickflow) and surface erosion (Chandler & Walter, 1998; Concepcion & Samar, 1995; . Therefore, fire-climax grasslands are often targeted for reforestation (e.g., Ancog, Florece, & Nicopior, 2016; Otsamo, 2000; Wishnie et al., 2007) and-in areas with high land pressure-conversion to agroforestry systems (Murniati, 2002; Snelder & Lasco, 2008; Van Noordwijk, Hairiah, Partoharjono, Labios, & Garrity, 1997) . Where the recurring fires maintaining these grasslands are halted, the grass can be shaded out by fast-growing trees in combination with intensive initial site management (Murniati, 2002; Otsamo, 2000) . The shading afforded by the new trees also promotes the germination of native species present in the soil's seed bank, which ultimately results in mixed stands with the planted (usually exotic) trees dominating the main canopy, and naturally regenerating indigenous species being dominant in the understorey (Kuusipalo et al., 1995; Lamb, 1998; Otsamo, 2000) .
When mature, such forests classify neither as traditional tree plantations nor as fully naturally developed secondary forest. Hence, within the context of tropical landscape restoration, the term "reforest" has been proposed for these multispecies tree-based ecosystems (Chazdon et al., 2016) . However, their ecological and hydrological functioning is only beginning to be explored (Chazdon, 2014; Dierick, Kunert, Köhler, Schwendenmann, & Hölscher, 2010; J. Zhang, Bruijnzeel, Quiñones, et al., 2018; Zhou, Morris, Yan, Yu, & Peng, 2002) .
In the Philippines, some 35% of the land designated to be under forest is tree-less and in need of ecological rehabilitation (Pulhin et al., 2006) . In 2011, the country launched an ambitious greening programme targeting the planting of 1.5 billion trees in the first 6 years on 1.5 million ha of degraded land, much of it under Imperata (Aquino & Daquio, 2014; cf. Ancog et al., 2016; FAO, 2016) . As such, knowledge of the impact of such massive planting on streamflow is important (cf. Hamel et al., 2018) . Observations of the hydrological response of hillside plots with degraded grassland and semimature regrowth in southern Leyte (Chandler & Walter, 1998) suggested that the amount of water percolating to the subsoil underneath the regrowth far exceeded the extra water use of the vegetation relative to the grassland, implying a net positive effect on groundwater recharge.
However, because the study took place in karstic terrain, the inferred positive effect of reforestation on dry-season flows could not be confirmed by streamflow measurements (Chandler, 2006 Being located in one of the world's premier cyclone-generating areas (García-Herrera, Ribera, Hernández, & Gimeno, 2007) , the Philippines typically receive nearly a third of their annual precipitation during the passage of tropical cyclones and depressions (Cinco et al., 2016) . During the study year, Leyte Island was hit by Typhoon Haiyan, one of the strongest and largest events on record (Nguyen et al., 2014; Rabonza et al., 2015) . This provided a unique opportunity to study the effect of this particularly extreme event and the associated disturbance of the vegetation on run-off production. Due to continued oceanic warming, tropical cyclones are expected to become more forceful in the future (Balaguru, Foltz, Leung, & Emanuel, 2016) , and heavy rainfalls in East and South-east Asia appear to be on the increase as well (Chiang & Chang, 2011; Walsh et al., 2013) , lending added importance to the study of the hydrological impacts of ecosystem disturbance by extreme events (Jayakaran et al., 2014; Lin et al., 2011; Scatena, Planos-Gutierrez, & Schellekens, 2005) . J. Zhang, Bruijnzeel, Quiñones, et al. (2018) reported very low (near-) surface soil hydraulic conductivities in the Basper grassland, but much higher values for the Manobo reforest, whereas J. showed the landslide-infested grassland to be extremely responsive to rainfall and to generate large amounts of sediment. Production of both quickflow and sediment typically increases after tropical forest clearance (Bruijnzeel, 2004; Grip et al., 2005; Valentin, Agus, Alamban, Boosaner, & Bricquet, 2008) or disturbance during typhoon passage (J. D. Cheng, Lin, & Lu, 2002; Scatena et al., 2005) , whereas the reverse applies after reforestation (Krishnaswamy et al., 2012; Scott et al., 2005; Sidle et al., 2006; Zhou et al., 2002) . Therefore, we hypothesized that (a) amounts of quickflow from the reforest are low but increase markedly after typhoon-caused disturbance of the vegetation; (b) the water use of the semimature reforest is larger than that of Imperata grassland; but (c) the trade-off between the (annual) changes in (i) infiltration and (ii) vegetation water use incurred by the reforestation at Manobo is ultimately positive. (Table 1) . For a detailed discussion of the soil physical characteristics of the Manobo reforest and the nearby Imperata grassland at Basper, the reader is referred to J. Zhang, Bruijnzeel, Quiñones, et al. (2018) .
| STUDY AREA
The climate of the study area is tropical ever-wet (Köppen-type Af) with small seasonal variations in average monthly temperatures (25.7°C in January to 28.1°C in May) and humidity (81-86%) as measured at Tacloban Airport (3 m a.s.l. and 11 km from Manobo).
Average monthly wind speeds at Tacloban airport vary between 1.5 and 2.4 m s −1 but can be very high during typhoon events (Rabonza et al., 2015) . Average daily reference evaporation ET 0 (Allen, Pereira, Raes, & Smith, 1998) rain days (i.e., with ≥0.5 mm of rain each). Five out of 12 months received >200 mm of rainfall each on average (classifying them as "very wet," especially the period from November until January), whereas the remaining 7 months had >100 mm each ("wet") on average, including April, the "driest" month on average. Typhoons and tropical storms are a regular phenomenon and contribute~30% of annual rainfall (cf. Cinco et al., 2016) . About 50% of all rainfall events (defined as having at least 0.5 mm of rainfall and being separated by a period without rain of at least 4 hr) at Manobo during the study year (June 2013-May 2014) were <5 mm, whereas large storms (>50 mm) made up 10% of all storms at the height of the rainy season (November-February) and 3-4% at other times. However, these large events contributed as much as 46% of the total rainfall during the study period. The median event rainfall intensity was 5.0 ± 0.5 mm hr −1 ; event intensities in excess of 20 mm hr −1 were relatively rare (only 2% [March-May] to 5% [November-February] of all events; J. .
Upon their arrival in Leyte in the mid-1980s, the displaced Manobo tribe were assigned a barren and eroding Figure 1) . The LAI at the midslope position was 2.9 ± 0.9 at 4 weeks after the Haiyan event and 5.4 ± 1.3 at 4 months after Haiyan (J. .
| Hydrological monitoring
Field measurements were made from June 2013 through May 2014.
Gross rainfall (P) was measured in an agricultural patch just east of methods (e.g., Førland et al., 1996) for the extreme wind speeds encountered during the Haiyan event (Rabonza et al., 2015) would have led to unverifiable and uncertain corrections. Instead, a recording cylindrical fog gauge placed at the Basper station that has a 100% catch efficiency for near-horizontal wind-driven rain (Frumau et al., 2011 ) was used to estimate extra inputs of near-horizontal winddriven rainfall during the Haiyan event. Because a natural forest canopy has a lower catch efficiency than has the type of fog gauge employed (Bruijnzeel, Eugster, & Burkard, 2005) , measured amounts must be considered maximum values.
Streamflow ( Table 1 ) heights < 0.35 m] and the velocity-area method at stages up to 0.69 m using a Price Type AA current meter). Water levels exceeded the shoulder of the V-notch during eight storm events for a total of 22.6 hr (0.26% of the total time) and for these conditions the Bergmann compound weir equation as given by USBR (1997) was used to calculate streamflow. Water level data were incomplete for 32 days (8.8% of the total time) due to equipment malfunctioning.
The HBV model as implemented in the HBV-light version of Seibert and Vis (2012) 
| Streamflow gap filling
Streamflow data were incomplete or missing for 22 days during the pre-Haiyan period and for another 10 days after Haiyan. Total rainfall received during these 32 days was 250 mm (7.4% of the annual total).
The HBV-light model was calibrated using 5-min rainfall and streamflow data by maximizing the value of the objective function that gives equal weight to the Nash-Sutcliffe efficiency and the Nash-Sutcliffe efficiency for the log-transformed streamflow to avoid bias towards the more uncertain high streamflow values. We used 100 independent model calibration trials (each consisting of 3,500 model runs) to derive the 100 optimum parameter sets using the genetic Catchment wetness is an important factor determining the magnitude and timing of quickflow response to rainfall. In view of the small size of the study catchment, a 3-day antecedent precipitation index (API 3 ) was chosen to characterize catchment wetness status using a value of 0.85 for the decay constant determining the weight of the respective daily rainfall totals (Shaw, Beven, Chappell, & Lamb, 2010) .
Separate master recession curves were determined before and after catchment disturbance by Typhoon Haiyan using the matching strip technique of Toebes and Strang (1964) . Exponential curves were fitted to these master recession curves, whereas recession constants (k) for three superimposed reservoirs were derived according to linear reservoir theory (Chapman, 1999; De Zeeuw, 1973) . Furthermore, with the use of the method outlined by De Zeeuw (1973), both master recession curves were examined for downward deviations from the exponential decline in flow from the slowest reservoir. No such deviations were observed, indicating no detectable catchment leakage (see results below). Flow duration curves were derived separately for the pre-Haiyan and post-Haiyan periods using daily streamflow data.
The "flashiness" of the streamflow was calculated as the ratio of the daily flows that were exceeded for 10% and 90% of the time (F 10/90 ; Richards, 1990 ).
| Catchment water budget
Although shallow groundwater levels were measured in the two piezometers (see Figure 2 for locations), changes in effective catchment-wide shallow groundwater storage G(t) were evaluated using the method of Chapman (1999) , where G(t) (in mm) at time t is approximated by
with Q(t) as the (base) flow rate at time t and k the corresponding reservoir constant (day −1 ). Equation (1) Differences in the median quickflow response to rainfall before and after forest disturbance were tested for significance using the for the Manobo reforest and the nearby Basper grassland studied by J. . In doing so, it was assumed that the difference in quickflow production between the two catchments primarily represented the difference in rainfall infiltration and retention caused by the reforestation (cf. Bruijnzeel, 1989) . Manobo reforest-an alternative "crop factor" was derived relating predisturbance forest transpiration E t to ET 0 and assuming the value of E t /ET 0 (i.e., the crop factor) to be constant throughout the year (cf. De Bruin, 1983) . Pretyphoon E t was estimated by subtracting measured interception losses (J. ) from corresponding total ET. Next, the total annual interception loss for undisturbed canopy conditions was obtained using the revised analytical model of Gash, Lloyd, and Lachaud (1995) Table 2 ). The flow duration curves for the two periods further illustrate the generally higher streamflow observed after disturbance of the forest (Figure 4a ). Based on the ratio of the flows that were exceeded for 10%
and 90% of the time, respectively (F 10/90 ), the "flashiness" of the streamflow nearly quadrupled during the post-Haiyan period (212 vs. 57, Figure 4a ). The application of the modified double-mass curve approach suggested the effect of forest defoliation on posttyphoon streamflow to be far greater than that of increased rainfall alone (Figure 4b ).
| Streamflow recession
Streamflow recessions during the two periods were described well , respectively. Interestingly, the recession rates for the intermediate and slowest reservoirs did not differ significantly between the 
FIGURE 5
The streamflow recession curves for the Manobo catchment during (a) pre-Haiyan and (b) post-Haiyan conditions as described by the outflow from three superimposed linear reservoirs two periods, despite the fact that baseflow was considerably higher during Period II (Figures 4a and 5) . Conversely, the recession rate for the fastest reservoir almost doubled during Period II ( Figure 5 ).
| Quickflow response to rainfall before and after forest disturbance by Typhoon Haiyan
Although median event rainfall amount (P), intensity (I), and duration of the rising limb of stormflow (T p ), as well as the median 3-day antecedent precipitation index (API 3 ), did not differ significantly between the pre-Haiyan and post-Haiyan data sets, post-Haiyan medians of quickflow depth Q q , storm run-off coefficient Q q /P, and peak flow 3.8 hr; Table 3 ). Converting the median pretyphoon and posttyphoon Q q /P values (in %) to equivalent "minimum contributing areas" (MCAs, in ha; Dickinson & Whiteley, 1970) suggested median MCA values of 0.03 and 0.45 ha, respectively. Maximum inferred values for MCA during extreme events were very much larger at 5.1-7.3 ha (Table 3) .
Storm run-off coefficients (Q q /P) increased with rainfall size class, although the spread in the data was considerable (Table S1 ).
Pretyphoon averages ranged from a low 0.2 ± 0.1% (SD) for small storms (5-10 mm of rain) to 11-19% for intermediate storms (20-50 mm) and 55% for a very large rainfall event (174 mm).
Equivalent post-Haiyan values were two to three times larger for rainfall events up to 100 mm (Table S1 ). Overall weighted mean Q q / P for the 33 and 44 examined storm events (i.e., cumulative Q q divided by the corresponding cumulative P) were 21% and 49%, implying a 2.3-fold increase for the post-Haiyan period (Table 3) .
Cumulative quickflow totals for the 12 events for which streamflow data were not available were estimated using (a) the HBVsimulated streamflow and (ii) best fit correlations between observed quickflow and event rainfall for the two periods (cf. Figure 6a) . The estimated quickflow totals did not differ statistically between the two methods, so we chose to use the ones based on the regression approach, which amounted to 24 and 56 mm for the missing pretyphoon and posttyphoon events, respectively. The cumulative quickflow totals for the two periods were 180 and 986 mm (or 68%
and 61% of corresponding total streamflow Q t ). Total Q q for the study year was 1,166 mm (62% of Q t ), whereas baseflow contributed 718 mm (38% of Q t ). Corresponding period mean storm run-off coefficients were 16% (Period I), 44% (Period II), and 35% (year). These period averages are slightly lower than the weighted mean storm run-off coefficients derived from the 77 observed events (21% and 49%, respectively; Table 3 ), but the relative increase in Q q /P from pretyphoon to posttyphoon conditions remained comparable (2.7 vs. 2.3 times). Pertinently, large events contributed more than half of the total quickflow produced during either period. For the pre-Haiyan period, the event of June 28-30, 2013, alone (Tropical Storm Rumbia, Q q = 101 mm) provided 56% of the period total quickflow, whereas during the wetter post-Haiyan period, four large events (including Typhoon Haiyan itself)
jointly contributed 545 mm of quickflow (or 55% of the period total).
Quickflow amounts for individual events were strongly correlated with rainfall amounts above a rainfall threshold of 15-25 mm TABLE 3 Summary statistics of quickflow (Q q ) and gross and net rainfall (P) characteristics during pre-Haiyan (n = 33 events) and post-Haiyan (n = 44) conditions
Pre-Haiyan (n = 33) Note. I mean and I max_15 denote mean event and maximum 15-min rainfall intensity. Q 0 and Q p denote discharge at start of the event and peak discharge (mm hr −1 equivalent). given rainfall were higher across the rainfall spectrum (Figure 6a ). Peak discharge Q p also increased significantly (and nonlinearly) with event rainfall amount in the respective periods (Figure 6b ), although the correlations were less strong than for the corresponding Q q -P relationships (R 2 = 0.43-0.58).
Quickflow amounts for undisturbed forest conditions were hardly affected by the maximum 15-min rainfall intensity during an event (I max_15 , mm hr −1 equivalent), not even for very high values, whereas only a few post-Haiyan events exhibited markedly enhanced Q q after I max_15 exceeded a value of~30 mm hr −1 (Figure 7a) . Similarly, prior to Typhoon Haiyan, the response of peak flows to I max_15 was very limited and the correlation was not significant, whereas afterwards, Q p was much higher beyond a threshold I max_15 of~15 mm hr (Table 2 ) not to be overestimated due to catchment leakage.
The average predisturbance apparent evapotranspiration (ET) was (Table 2) , suggesting ET may have been reduced by~290 mm due to the temporary defoliation of the forest canopy by Typhoon Haiyan (cf. J. . The alternative estimate of annual ET for undisturbed conditions (taking into account a possible evaporation-enhancing effect of the higher posttyphoon rainfall totals)
was even higher at 1,830 mm year −1 (based on a pretyphoon E t /ET 0 ratio of 0.93 and an annual interception loss of 570 mm).
Comparative observations of ET for similar semimature, multispecies tropical reforests are limited to a mixed 17-27-year-old plantation in lowland coastal Guangdong (SE China, mean annual rainfall 1,455 mm) for which Zhou et al. (2002) derived an apparent ET of 1,415 mm year −1 over a 10-year period. The annual apparent ET for the vigorous Manobo reforest also exceeded values reported for various old-growth lowland rain forests exposed to similar maritime tropical conditions with high rainfall, such as NE Queensland (1,300-1,420 mm; Gilmour, 1977; McJannet, Fitch, Disher, & Wallace, 2007) and NE Borneo (1,515 mm; Bidin & Greer, 1997) . The lower overall water use of the Queensland rain forest relative to the Manobo reforest primarily concerns a much smaller transpiration componentamongst others due to a lower LAI and ET 0 for the Australian forest -whereas wet-canopy evaporation totals were nearly identical for the two forests (McJannet et al., 2007; . Although an evaporation-enhancing effect of advection of warm, dry air from the surrounding grasslands and fields at Manobo (cf. Giambelluca, Ziegler, Nullet, Truong, & Tran, 2003) cannot be excluded, another factor of importance may be the often higher water uptake of young forests that are actively acquiring biomass, compared with old-growth forest whose biomass has reached a dynamic equilibrium (Giambelluca, Nullet, Ziegler, & Tran, 2000; Sommer, Fölster, Vielhauer, Carvalho, & Vlek, 2003; cf. Roberts, Gash, Tani, & Bruijnzeel, 2005) . Also, mixed-species plantations tend to have a higher water use than do mono-specific stands, particularly when the mixture includes nitrogen-fixing species (Zhou et al., 2002; Kunert, Schwendenmann, Potvin, & Hölscher, 2012; Schwendenmann, Pendal, Sanchez-Bragado, Kunert, & Hölscher, 2015; cf. Forrester, 2015) .
Although soil water content in the top 40 cm at Manobo was severely depleted in October 2013 and May 2014, no signs of acute water stress (such as increased leaf litter production) were observed during or after these relatively dry periods, suggesting moisture in deeper layers remained adequate to maintain transpiration ( Figure S3 ; cf. Christina et al., 2017; Zhao & Wang, 2018) . Subtracting annual interception loss E i from the overall ET to obtain an approximate value for transpiration E t (including a minor amount of forest floor evaporation, E s ) gave very similar average daily values of 3.2 and 3.0 mm day
for the semimature Manobo reforest and the Bornean old-growth rain FIGURE 7 (a) Quickflow depth Q q and (b) peak flow rate Q p (in mm hr −1 equivalent) as a function of the maximum 15-min rainfall intensity per event (I max_15 ) for the Manobo catchment during pre-Haiyan and post-Haiyan conditions. Note that the trend line for preHaiyan data is not statistically significant and only shown to indicate the trend forest referred to earlier (taking E i for the respective forests from J. Burghouts, van Straalen, & Bruijnzeel, 1998) . A comparable average daily rate of E t (2.7 mm day ) was reported for a 9.5-year-old Acacia stand of average stocking at a high rainfall site in Brunei by Cienciala, Kučera, and Malmer (2000) , but distinctly higher values (3.7-4.3 mm day
were obtained for vigorous 14-18-year-old Eucalyptus and Anacardium plantations in coastal SW India (Kallarackal & Somen, 2004) , as well as for 15-year-old Caribbean pines in the Fiji archipelago (Waterloo et al., 1999) . All this suggests that apparent E t at Manobo was not particularly high. Rather, the high overall ET reflects the site's high interception loss (see also discussion in J. . It has been suggested that E i from forests at maritime tropical locations is increased relative to midcontinental sites due to large-scale advection of warm air from the ocean (Shuttleworth & Calder, 1979; Wallace & McJannet, 2008) . However, Holwerda, Bruijnzeel, Scatena, Vugts, and Meesters (2012) drew attention to the fact that in a (preliminary) comparison of wet-canopy evaporation rates for eight "oceanic" tropical sites and five more "continental" sites, values tended to be higher within each group for forests located in dissected or mountainous terrain as opposed to sites in less complex terrain. This suggests that aerodynamic roughness at the landscape scale is a key factor (see discussion in Van Dijk et al., 2015) . Interestingly, the Manobo ridge is the first topographic rise encountered by moist winds coming from the nearby Pacific, suggesting possibly increased turbulence and vapour exchange between the wet forest canopy and the passing air (J. .
| Quickflow response at Manobo: General conceptual model and effects of forest disturbance
Although the difference in median gross rainfall amounts for the analysed events before (n = 33) and after (n = 44) forest disturbance by Typhoon Haiyan was not statistically significant, median postHaiyan values of quickflow amount (Q q ), peak flow rate (Q p ), storm run-off coefficient (Q q /P), and quickflow duration (T d ) all increased substantially (Table 3) . This reflected a combination of the higher total precipitation, higher net rainfall inputs (notably during the first 3 months FIGURE 8 Quickflow amount Q q and peak flow rate Q p as a function of the sum of net rainfall (Net P) and antecedent soil water content in the top 60 cm (ASWC 60 ) of the soil at Manobo (data from the midslope monitoring Site S3; see Figure 2 for the location)
after disturbance when the reforest's LAI was at a minimum; J. , and, especially, the higher post-Haiyan soil water contents (measured at the midslope Site S3), as well as higher shallow groundwater levels in foot-slope locations ( Figure S3 ). The soils at Manobo became thinner going from the ridge to the stream, whereas the lower slopes were mostly concave, leading to increasingly wet conditions further downslope (Ward, 1984) . During near-saturated conditions, large macropores (notably decayed-root channels, worm burrows, and pipes formed by water; Chappell, 2010; Sidle, Noguchi, Tsuboyama, & Laursen, 2001; Van Noordwijk, Widianto, & Hairiah, 1991) likely became activated (cf. Figure S4 ), thereby promoting lateral subsurface contributions to quickflow (Y. Cheng et al., 2017; Hsia, 1987; Schellekens et al., 2004) . Saturated soil hydraulic conductivities (K sat ) at Manobo are such that infiltrationexcess overland flow or ponding in the first 40 cm of the soil is not expected to occur under the prevailing rainfall intensities (J. Zhang, Bruijnzeel, Quiñones, et al., 2018 ; cf. Table 1 whereas during large or extreme events (P > 100 mm), SOF in footslope areas also contributed to quickflow, leading to storm run-off coefficients in excess of 50% (Table S1 ). This latter situation became much more frequent after disturbance of the forest by Typhoon Haiyan, when the soils were generally wetter ( Figure S3 ) and the quickflow response was more pronounced (Table S1 ). Similar increases in Q q /P with increasing rainfall amount have been reported for many other tropical catchments, with the highest values (50-90%) recorded for steep catchments during times of prolonged rainfall (>100 mm) in association with typhoon passage (e.g., Queensland : Howard, Bonell, Gilmour, & Cassells, 2010; Taiwan: Hsia, 1987) .
With cumulative predisturbance quickflow making up 16% of incoming rainfall on average (Table 2) , the quickflow response of the Manobo reforest was intermediate between that reported for various old-growth rain forests with a hydrologically active soil depth of 50-200 cm and comparably high rainfall (Q q /P = 8-10%; Hsia, 1987; Ogden, Crouch, Stallard, & Hall, 2013; Schellekens et al., 2004) , and rain forests with an impeding layer at shallow depth (<25 cm) or having extensive saturated valley bottoms (Q q /P = 30-40%; Chappell et al., 2012; Fritsch, 1993; Howard et al., 2010; Malmer, 1992) . Catchments with comparable SSSF-dominated quickflow behaviour as the (undis- ). However, upon becoming temporarily defoliated after Typhoon Haiyan (J. , the response of the Manobo reforest increased nearly threefold (average Q q / P = 44%; Table 2 ), making the catchment one of the most responsive humid tropical forest sites described to date (Bonell, 2005; cf. Godsey, Elsenbeer, & Stallard, 2004; Howard et al., 2010) . Our observations did not continue long enough to establish whether the catchment's behaviour during the next peak rainfall period (November 2014-January 2015) was moderated already by the recovery of the vegetation. By the end of the study period (June 2014), the LAI and rainfall interception capacity of the Manobo reforest were close to predisturbance values (J. , suggesting that forest water use increased accordingly (Scatena et al., 2005) . Given the dependence of the quickflow response at Manobo on soil water conditions (Figure 8 ), one would expect the enhanced post-Haiyan Q q /P values to gradually subside again with time (depending on the actual speed of forest recovery), although maximum response values may remain similar (i.e., regardless of the condition of the vegetation) once the soil's water storage capacity is reached during times of extreme rainfall (Hewlett, 1982; Howard et al., 2010; Hsia, 1987) .
The duration of altered streamflow following forest disturbance by typhoons depends on the degree of damage inflicted to the forest as well as on the dynamics and rate of forest recovery. When, on top of defoliation, the structural damage consists mostly of snapped and uprooted trees in the upper stratum, saplings and seedlings may benefit from the increased light levels and increase their biomass, thereby gradually increasing ET over time (Jayakaran et al., 2014; cf. Yao, Chiang, McEwan, Lin, & Yao, 2015) . Under such conditions, a return to pretyphoon above-ground biomass and water yield may well take more than a decade (Jayakaran et al., 2014; cf. Heartsill-Scalley, Scatena, Lugo, Moya, & Estrada-Ruiz, 2010) . Conversely, where the natural vegetation has adapted itself structurally to frequent typhoon occurrence (e.g., by developing a relatively low stature and an aerodynamically smooth upper canopy with small gaps only), forest damage may be restricted to temporary defoliation and recovery times will be typically short, as demonstrated for some exceptionally resilient forests in Taiwan (Lin et al., 2011; Yao et al., 2015; cf. Hu & Smith, 2018) . For example, although nutrient concentrations in stream water remained elevated for 500 days after Hurricane Hugo wrecked the forests of eastern Puerto Rico (Schaefer, McDowell, Scatena, & Asbury, 2000) , a similar effect lasted only a week in NE Taiwan (Lin et al., 2011) . However, planted forests (like the Manobo reforest) may be less well adapted and suffer greater damage than does fully natural forest (e.g., planted mahogany in Puerto Rican rain forest:
Basnet, Likens, Scatena, & Lugo, 1992; Caribbean pines in Nicaragua and Fiji: Boucher, Vandermeer, Yih, & Zamora, 1990; Waterloo, 1994) , although relative site exposure plays a role as well (Basnet et al., 1992; Lee, Lin, Vadeboncoeur, & Hwong, 2008; cf. Hu & Smith, 2018) . As such, the predicted trend towards a more frequent occurrence of the most intensive typhoons due to continued global warming and oceanic freshening (Balaguru et al., 2016; Knutson et al., 2010) does not bode well for planted forests in typhoon-prone areas like the Philippines. Indeed, an estimated 44 million coconut trees were damaged or killed during passage of Typhoon Haiyan alone, and 6-9 years (without subsequent disturbance) would be required to bring production back to pretyphoon levels (FAO, 2014).
5.3 | Reforesting degraded Imperata grassland in NE Leyte: A positive hydrological trade-off?
The negative effect of forestation of grasslands and shrublands on annual water yield under warm-temperate and subtropical conditions are well documented, both at the small experimental catchment scale (Farley et al., 2005; Jackson et al., 2005) and for large "real-world" catchments and river basins (Li, Xu, & Sun, 2014; Liu et al., 2014; Liu et al., 2015; Trimble, Weirich, & Hoag, 1987) . Such findings have cast serious doubts on the reality of the traditional "forest sponge" concept and the contention that a good forest cover guarantees a stable supply of streamflow through ample infiltration during times of peak rainfall and the slow release of water during the dry season (Calder, 2005; FAO-Center for International Forestry Research, 2005; cf. Jasechko & Taylor, 2015; Y. Cheng et al., 2017 ). Yet despite the fact that in controlled forest removal experiments the streamflow invariably increased (Brown, Zhang, McMahon, Western, & Vertessy, 2005) , there are numerous real-world examples of diminished groundwater recharge and dry-season flow after tropical deforestation-despite the lower water use of the postforest land cover (Bruijnzeel, 2004; Krishnaswamy et al., 2012; Qazi, Bruijnzeel, Rai, & Ghimire, 2017; Recha et al., 2012; Roa-García et al., 2011) . In other words, the "forest sponge" effect can be lost if surface infiltration conditions become critically impaired by slaking, crusting, or compaction of the soil by inappropriate land management (Bruijnzeel, 2004; Lacombe et al., 2016; Sidle et al., 2006) . The key question then becomes whether, and to what extent, the process is reversible; that is, can dry-season flows be boosted again to former predegradation levels through reforestation (Bruijnzeel, 1989; Scott et al., 2005) ? In recent years, several tropical and warm-temperate studies of the effect of reforesting severely degraded land on flow regimes in SW India (Krishnaswamy et al., 2013) , South Korea (Choi & Kim, 2015) , and SE China (Hou et al., 2018; Zhou et al., 2010) have shown modest increases in delayed flow and baseflow, suggesting sufficiently large increases in infiltration and retention to compensate the higher evaporative losses after reforestation. In other cases, baseflow remained the same after reforestation (e.g., Liu et al., 2015; Tennessee Valley Authority, 1961) , suggesting a neutral trade-off between the effects of changes in catchment-wide retention and vegetation water use.
The latter may also reflect a limited overall capacity to store moisture in the soil due to soil erosion during the preceding degradation phase, despite the fact that topsoil infiltration capacity improved after reforestation (Bruijnzeel, 1989; Hou et al., 2018; Liu et al., 2015; Scott et al., 2005) .
According to local tribe leaders, streamflow in the Manobo study catchment became perennial in 1998, that is, some 7.5 years after the start of the reforestation of the Imperata grassland. Taking the data on apparent ET and stormflow production for the (undisturbed) Manobo reforest and comparing these with corresponding values for the for the Imperata catchment by 100-185 mm year −1 . J. attributed the high ET for the Basper grassland to the fact that the central~14% of the catchment was covered with young regenerating vegetation whose water use was likely higher than that of the grass (Hölscher et al., 1997; Giambelluca et al., 2000; cf. Sun et al., 2008) , also because soil water in the foot slopes and riparian zone was in ample supply (J. . On the other hand, annual quickflow production by the two catchments for However, apart from the inherent limitations of our study (notably the uncertainty of the ET estimates for the respective land covers under undisturbed conditions; cf. discussion in J. Zhang, 2018) , the 7-year moving average of annual rainfall totals for Tacloban Airport increased from~2,700 to~3,000 mm year −1 between 1984 and 2011, whereas the 7-year average number of "dry" months with less than 100 mm of rainfall each decreased from 2.2 to 1.6 months year −1 ( Figure S6 ).
Therefore, apart from the improvement of soil hydrological functioning after reforestation, this gradual wetting of the local climate bỹ 11 mm year −1 may have played a role as well in rendering the Manobo stream perennial, although the lack of corresponding longterm data on forest development and streamflow precludes quantification of the effect (cf. Hou et al., 2018; Lacombe et al., 2016; Vertessy, Watson, & O'Sullivan, 2001) . Nevertheless, the fact that streamflow at Manobo became perennial in 1998, a very dry El Niño year that was preceded by three wetter years ( Figure S6b ), suggests that by 1998 the moisture infiltration and storage capacity of the soil may have increased sufficiently (cf. Y. Cheng et al., 2017; Hou et al., 2018; Krishnaswamy et al., 2018; J. Zhang, Bruijnzeel, Quiñones, et al., 2018) .
| CONCLUSIONS
To explore local claims that streamflow became perennial some 7-8 years after reforesting a barren Imperata grassland area with during this period. Further work is needed to separate the long-term climatic effect on streamflow from that exerted by the developing reforest.
